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In R2-inﬂation scalaron slow roll is responsible for the inﬂationary stage, while its oscillations reheat the
Universe. We ﬁnd that the same scalaron decays induced by gravity can also provide the dark matter
production and leptogenesis. With R2-term and three Majorana fermions added to the Standard Model,
we arrive at the phenomenologically complete theory capable of simultaneously explaining neutrino
oscillations, inﬂation, reheating, dark matter and baryon asymmetry of the Universe. Besides the seesaw
mechanism in neutrino sector, we use only gravity, which solves all the problems by exploiting scalaron.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction and summary
The ﬁrst inﬂationary model widely discussed in literature,
dubbed R2-inﬂation [1], works in a very economic way, exploiting
one and the same interaction—gravity—to accomplish both inﬂa-
tion and subsequent reheating. It is tempting to exploit gravity
somewhat further, addressing two other important issues: dark
matter production and generation of the baryon asymmetry of the
Universe.
To this end we consider in this work the universal mechanism
of particle production operating in R2-inﬂationary model: scalaron
decay. We have found that free scalars heavier than 10 keV and
fermions heavier than 107 GeV are forbidden in this scenario, as
they would overclose the Universe. The fermion of 107 GeV is a vi-
able dark matter candidate in this model, while light scalars could
contribute to the hot dark matter component at best.
We have also found that with two additional right-handed ster-
ile neutrinos one can explain the neutrino oscillations (via stan-
dard seesaw mechanism) and baryon asymmetry of the Universe
(via standard non-thermal leptogenesis). Curiously, the amount of
baryon asymmetry available in the model is strongly constrained
from above, so that the observed amount is only one order of mag-
nitude below the model upper limit.
Both the dark matter fermions and sterile neutrinos are pro-
duced in post-inﬂationary Universe in scalaron decays. This sug-
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Open access under CC BY license.gests that SM, supplemented with R2-term and three right-handed
sterile neutrinos, forms a kind of naturally complete theory. This
theory explains different phenomena beyond the SM—inﬂation, re-
heating, dark matter, baryon asymmetry of the Universe—involving
one and the same mechanism based on the peculiarities of scalaron
interactions with itself and other ﬁelds. These phenomena together
with neutrino oscillations are the main observational facts pointing
at incompleteness of the SM. All of them can be explained within
the proposed model.
2. Gravitational production of dark matter in R2-inﬂation
We start with the following Lagrangian in the Jordan frame:
SJF = −M
2
P
2
∫ √−g d4x
(
R − R
2
6μ2
)
+ SJFmatter, (1)
where we use the reduced Planck mass MP related to the Planck
mass MPl as MP = MPl/
√
8π = 2.4×1018 GeV; SJFmatter includes the
action of the Standard Model and other new ﬁelds. In particular,
for free scalar ϕ and Dirac fermion ψ one has1
SJFϕ =
∫ √−g d4x
(
1
2
gμν∂μϕ∂νϕ − 1
2
m2ϕϕ
2
)
, (2)
SJFψ =
∫ √−g d4x (iψ¯Dˆψ −mψψ¯ψ), (3)
1 These ﬁelds are free in the sense of particle physics: in both the Jordan (Eqs. (2)
and (3)) and Einstein frames (Eqs. (5) and (6)), they are free at MP → ∞.
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It is convenient to go to the Einstein frame by the conformal trans-
formation
gμν → g˜μν = χ gμν, χ = exp
(√
2/3φ/MP
)
.
Scalar and fermion ﬁelds are rescaled then as
ϕ → ϕ˜ = χ−1/2ϕ, ψ → ψ˜ = χ−3/4ψ,
Dˆ → ˆ˜D = χ−1/2Dˆ.
In the Einstein frame the gravity action takes the Einstein–Hilbert
form, but additional scalar degree of freedom φ emerges and cou-
ples to all matter ﬁelds. Thus the original action (1) transforms
into
SEF =
∫ √
−g˜ d4x
[
−M
2
P
2
R˜ + 1
2
g˜μν∂μφ∂νφ
− 3μ
2M2P
4
(
1− 1
χ(φ)
)2]
+ SEFmatter, (4)
where SEFmatter includes interactions with the ﬁeld φ. In particular,
now the actions (2) and (3) read
SEFϕ =
∫ √
−g˜ d4x
(
1
2
g˜μν∂μϕ˜∂νϕ˜ − 1
2χ
m2ϕϕ˜
2
+ ϕ˜
2
12M2P
g˜μν∂μφ∂νφ + ϕ˜√
6MP
g˜μν∂μϕ˜∂νφ
)
, (5)
SEFψ =
∫ √
−g˜ d4x
(
i ¯˜ψ ˆ˜Dψ˜ − mψ√
χ
¯˜
ψψ˜
)
. (6)
At small values of φ this new degree of freedom decouples from
all other ﬁelds and both frames become identical, as in this limit
R is also small.
Cosmology of the homogeneous and isotropic Universe de-
scribed by the action (1) has inﬂationary stage [1] at large values
of R . In the Einstein frame this stage is realized as large-ﬁeld inﬂa-
tion in the slow-roll regime taking place at super-Planckian values
of the ﬁeld φ which serves as the inﬂaton. The equivalent scalar
mode in the action (1) was named scalaron [1] and we use both
names in what follows.
Inﬂation gives rise to primordial scalar perturbations, whose
amplitude normalization to the observed CMB anisotropy and
large-scale structure yields the estimate [2]
μ = 1.3× 10−5MP .
The spectral index of the scalar perturbations and parameters of
the generated tensor perturbations are consistent with observa-
tional constraints [3].
When the slow-roll conditions get violated, inﬂation terminates
and the inﬂaton φ starts to oscillate rapidly, with frequency equal
to scalaron mass μ. This drives the Universe expansion like at
matter-dominated stage. The intermediate stage naturally ends up
with inﬂaton decays into ordinary particles due to universal in-
teractions as in (5), (6). In particular, scalaron decay rates into a
pair of suﬃciently light scalars and into a pair of suﬃciently light
fermions are2
2 These estimates are in agreement with similar ones in the Jordan frame orig-
inally obtained in [1,5], while (7) and (8) are two times larger and four times
smaller, respectively, than the estimates in Ref. [2].Γφ→ϕϕ = μ
3
192πM2P
, (7)
Γφ→ψ¯ψ =
μm2ψ
48πM2P
, (8)
respectively. In this universal way the energy ﬂows from the in-
ﬂaton to ordinary particles. There is no any ampliﬁcation of the
energy drain to the SM particles due to coherent effects (like ones
in Ref. [6]), since the produced particles interact strongly enough.
Formulas (7), (8) generally mean that scalar particles play the
major role in the scalaron decay process. The dominant contri-
bution to the decay rate comes from coupling to kinetic term in
Eq. (5). There is no similar term in the fermion case, see Eq. (6),
because of the conformal invariance3 of the fermion kinetic term.
The energy transfers to the relativistic scalars by the time treh 
1/
∑
s Γφ→ϕϕ . We deﬁne the reheating temperature Treh as an ef-
fective temperature of produced relativistic matter at the time of
equality between inﬂaton and matter energy densities. Then in the
absence of coherent effects mentioned above, for Ns scalar compo-
nents contributing to the inﬂaton decay the effective temperature
of produced relativistic matter is
Treh ≈ 4.5× 10−2 × g−1/4∗ ·
(
Nsμ3
MP
)1/2
, (9)
where g∗ denotes the number of relativistic species. In case of the
Standard Model with g∗ = 106.75 and Ns = 4, Eq. (9) gives numer-
ically
Treh ≈ 3.1× 109 GeV, (10)
which is well in the region where the gauge interactions of the
Standard Model are in equilibrium. So, the value (10) is the max-
imum temperature of the primordial plasma or the reheating tem-
perature, indeed.
With low reheating temperature (10) the post-inﬂationary
matter-dominated stage lasts long enough, so that the subhorizon
scalar perturbations growing at this stage become nonlinear (for
a recent study see e.g. [7]). One expects that scalarons then start
to form self-gravitating clumps of linear sizes much smaller than
horizon, so the Universe still expands as at matter domination. The
scalaron overdensity in clumps can be estimated similar to anal-
ysis of dark matter halos and clumps in the late-time Universe,
see e.g. [8]. The scalaron density in clumps is not high enough to
initiate scalaron scatterings due to self-interaction. Therefore, rel-
ativistic (SM) particles production can be described as decays of
(non-relativistic) scalarons and the estimate of reheating tempera-
ture (10) remains intact.
The decay rate formulas (7), (8) show that the scalaron pro-
duces ordinary particles in a universal way, so that all scalars
and fermions of the theory will eventually populate the expanding
Universe. With all non-gravitational interactions between ordinary
particles switched off, the resulting abundances would be deter-
mined mostly by spin and, for fermions, by mass of the particles.
Now let us consider a new ﬁeld which is either free in the Jor-
dan frame or couples to other ﬁelds very weakly, so that these
new particles never equilibrate in the primordial plasma.4 If stable
at cosmological time scale, this particle is a good candidate to be
dark matter.
3 This implies quite a similar situation for a scalar conformally coupled to grav-
ity in the Jordan frame. We do not consider this case, but note that the coherent
processes at preheating stage we alluded to above may be relevant then.
4 In particular, the Planck-scale suppressed nonrenormalizable couplings are al-
lowed.
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parameter and hence its value is ﬁxed by the requirement of com-
prising all dark matter whose relative contribution to the present
energy density ρc is [3] ΩDM ≈ 0.223. The mass of dark matter
particles mDM and their number density at present nDM,0 are re-
lated to ρc and ΩDM as follows
mDM = ΩDMρc
s0
s0
nDM,0
, (11)
where we introduced the present entropy density s0.
Let us estimate the entropy-to-dark-matter ratio s/nDM by the
time of reheating. The dark matter production after inﬂation can
be described as the decay of non-relativistic scalarons of mass mφ
whose number density nφ evolves with scale factor a = a(t) at t 
treh as
nφ(a) = μ
2
φ2reh
(
areh
a
)3
.
Here φreh , areh refer to the values of inﬂaton ﬁeld and scale fac-
tor at reheating. We again neglect any coherent effects related to
the new ﬁelds and also treat this new decay channel of scalaron
as subdominant one, so the reheating temperature is still given by
Eq. (10). Both points are discussed below in due course: we will
see that the obtained results justify our choice. Assuming two-
body decays of the inﬂaton to dark matter particles with decay
rate Γφ→DM one writes down the Boltzmann equation for the dark
matter density,
d
dt
(
nDMa
3)= 2nφ(a)Γφ→DMa3.
This equation has a solution
nDM(treh) = ρreh
μ
Γφ→DMtreh,
where ρreh is the total energy density at the time of reheating,
when the corresponding contributions of inﬂaton and relativistic
species coincide. The energy density is related to the Hubble pa-
rameter at reheating Hreh by
ρreh = 2g∗ π
2
30
T 4reh = 3M2P H2reh.
Taking for the numerical estimate of the reheating time
treh  1√
3Hreh
,
we ﬁnally obtain for the entropy-to-dark-matter ratio at reheating
s
nDM
(Treh) = 2π
√
g∗
3
√
15
μ
Γφ→DM
Treh
MP
. (12)
Since this ratio remains intact at the further hot stages, we have
the estimate
s
nDM
 s0
nDM,0
.
Eqs. (12), (11) imply the following equation for the mass of dark
matter particles universally produced by the scalaron decay,
mDM = ΩDMρc
s0
2π
√
g∗
3
√
15
μ
Γφ→DM
Treh
MP
. (13)
Then in the cases of scalar (7) and fermion (8) one obtains the
numerical estimatesmϕ ≈ (6.9 keV)
(
1.3× 10−5MP
μ
)1/2(Ns
4
)1/2
×
(
g∗
106.75
)1/4(
ΩDM
0.223
)(
ρc
0.52× 10−5 GeV/cm3
)
, (14)
mψ ≈
(
1.2× 107 GeV)
(
μ
1.3× 10−5MP
)1/2(Ns
4
)1/6
×
(
g∗
106.75
)1/12(
ΩDM
0.223
)1/3
×
(
ρc
0.52× 10−5 GeV/cm3
)1/3
. (15)
Here we have corrected numerical coeﬃcients (by tens of percent)
to match the results obtained with numerical integration of the
Boltzmann equations which consistently describe both the energy
transfer from scalaron to all relativistic scalars and the dark matter
production.
The dark matter particles are produced highly relativistic with
3-momenta ∼ μ/2, which exceed Treh and hence momenta of par-
ticles in the plasma by about four orders of magnitude,
μ ∼ 104 × Treh.
So, the free scalars of 10 keV mass would contribute to hot dark
matter component only. This component is certainly subdomi-
nant, hence free scalars cannot solve the dark matter problem in
the case of R2-inﬂation. The viable choice of dark matter is free
fermions of mass mDM ≈ 107 GeV. These particles would form cold
dark matter.
We end up the discussion of universal dark matter in R2-
inﬂationary model with several remarks. First, for the considered
case of free boson particles coherent effects [6] during scalaron
oscillations could change the obtained results. However, it only
makes worse the situation with scalar dark matter, and we do not
consider these processes.
Second, if at a later stage of the Universe expansion the entropy
gets produced (say, due to decays of nonrelativistic particles out of
equilibrium, etc.), the estimates (14), (15) have to be corrected to
account for the corresponding dilution factor rs = snew/sold . Thus,
r.h.s. of (14) has to be divided by rs , while r.h.s. of (15) has to be
divided by r1/3s . In realistic models with moderate (if any) entropy
production this does not save scalar dark matter, and only mildly
changes the prediction for the fermion dark matter mass (15).
Third, in the extensions of particle physics with additional
scalars coupled to the SM ﬁelds, both reheating temperature (9)
and would-be scalar dark matter mass increase. With very large
number of new scalars this makes the scalar dark matter viable.
Fourth, if there are other sources of dark matter in the model—
other stable particles or other mechanisms of out-of-equilibrium
production of heavy fermions—the estimate (15) implies the up-
per limit on the mass of universal dark matter in R2-inﬂationary
model.
Fifth, in case of the Majorana fermions the mass is larger by a
factor of 21/3 as compared to the Dirac case (15), since the decay
rate of scalaron into the Majorana particles is two times smaller.
Sixth, the estimates (14), (15) mean that heavier free particles
are forbidden in models with R2-inﬂation, otherwise the Universe
would be overclosed. This conclusion is true for the particles
lighter than the scalaron, when these estimates of particle produc-
tion rates are applicable. Clearly, production rate of heavier parti-
cles by means of scalaron oscillations is suppressed as compared
to (7), (8). The heavier the particles, the stronger the suppression.
Hence, free particles of mass m 	 μ are not forbidden in R2-
inﬂation. Moreover, with strongly (most probably exponentially)
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do not study this situation here.
3. Leptogenesis in R2-inﬂation
The study presented in the previous section revealed that heavy
free (in the Jordan frame) fermion is a viable dark matter candidate
in R2-inﬂationary model. These fermions are naturally produced
in the post-inﬂationary Universe by scalaron decays, so the right
amount of dark matter is achieved with the mass of about 107 GeV
(15). One can further ask whether it is possible to make use of
this universal production mechanism to unravel another cosmo-
logical problem which SM fails to solve: the baryon asymmetry of
the Universe. The answer is positive, and we illustrate it with ex-
ample of nonthermal leptogenesis via decays of heavy sterile neu-
trinos [9] universally produced by scalaron decays. This particular
example is strongly motivated by observed oscillations of active
neutrinos, phenomena which also lack an explanation within SM.
Heavy sterile neutrinos give masses to active neutrinos via seesaw
mechanism. This mechanism is responsible for the hierarchy be-
tween the neutrino masses and electroweak scale. In this Section
we show that both the correct neutrino masses and successful lep-
togenesis can be realized in the R2-inﬂationary model.
The modiﬁcation of SM we consider consists of two new Majo-
rana fermions NI , I = 1,2, which are right singlets with respect to
the SM gauge group. The most general renormalizable Lagrangian
for these fermions is
L = iN¯ Iγ μ∂μNI − yα I L¯αNI Φ˜ − MI
2
N¯cI NI + h.c., (16)
where yα I are new Yukawa couplings, Φ is the SM Higgs doublet
and Φ˜ = Φ∗ with  being antisymmetric 2× 2 matrix.
When electroweak symmetry breaks down, Φ acquires vacuum
expectation value, ΦT = (0, v/√2 ), v = 246 GeV. Then (16) yields
active–sterile mixing in the neutrino mass matrix. Assuming yv 

MI , this mixing gives for the active neutrino masses:
mν αβ = −
∑
I
yα I
v2
2MI
yβ I . (17)
Hence, mν 
 v , that is the seesaw mechanism.5 The formula (17)
together with atmospheric neutrino mass splitting, m2atm  3 ×
10−3 eV2 [10], implies an order-of-magnitude upper limit on the
lightest sterile neutrino mass:
Mlightest 
v2
2
√
m2atm
 5× 1014 GeV. (18)
The smaller the Yukawa couplings yα I and the heavier the active
neutrinos, the smaller Mlightest , see Eq. (17).
Lagrangian (16) added to SM explicitly violates the lepton num-
ber. The source of CP-violation, which is one of the Sakharov’s con-
ditions [11] for successful baryo- and leptogenesis, is the complex
Yukawa couplings yα I . The third Sakharov’s condition, departure
from thermal equilibrium for lepton number violating processes, is
achieved due to decay of non-relativistic sterile neutrinos, which is
evidently an out-of-equilibrium process.
Let us discuss the production of these heavy sterile neutrinos in
the post-inﬂationary Universe with oscillating scalaron. Neutrinos
are produced via Yukawa-type coupling to scalaron, see Eq. (6).
The production is effective only for neutrinos lighter than scalaron.
5 Note that with only two seesaw sterile neutrinos we end up with one out of
three active neutrino being massless.Indeed, the amplitude of scalaron oscillation never exceeds MP . At
the same time the scalaron coupling to a fermion is proportional to
the fermion mass, so the latter remains almost intact. Therefore, an
enhancement of heavy fermion production by Yukawa source due
to periodic decrease of fermion effective mass [12] does not work
here.
Thus, we consider the models with sterile neutrinos lighter
than scalaron, MI <mφ . By the time of reheating, t  treh , the ratio
of number density of produced in scalaron decays heavy neutrinos
to entropy is given by Eq. (12). Substituting relevant numbers in
(12) and (8) (recall that for Majorana fermions the decay rate is
two times lower than for the Dirac fermions) one obtains
nNI
s
(Treh) = 2.9× 10−6 ×
(
MI
5× 1012 GeV
)2
, (19)
where we have included a correction of about tens of percent in
order to match the solution of the relevant Boltzmann equations
(see comment below Eqs. (14), (15)).
These sterile neutrinos, however, decay quite rapidly due to the
same Yukawa couplings in (16) responsible for the seesaw mecha-
nism. Their total decay rates are
ΓNI =
MI
8π
∑
α
|yα I |2.
Disregarding any hierarchy in the neutrino Yukawa sector one
takes for the order-of-magnitude numerical estimate of Yukawa
couplings relation (17) with m2ν ∼ m2atm and ﬁnds for the lightest
sterile seesaw neutrino
ΓNI ∼
√
m2atm
4π
M2I
v2
.
Thus, sterile neutrino of mass above 1010 GeV decays before re-
heating.6 This is a very process which generates lepton asymmetry
in the early Universe. To simplify formulas we assume further, that
only the lightest neutrino, N1, contributes and M1 
 M2. Then the
value of lepton asymmetry L = nL/s is
L = δL · nN1
s
, (20)
with [9] (for reviews see e.g. [13])
δL = − 3M1
8π v2
· 1∑
α,I |yα I |2
∑
αβ
Im
(
yα1 yβ1 y
∗
α2
v2
2M2
y∗β2
)
∼
3M1
√
m2atm
8π v2
, (21)
where we have used the order-of-magnitude estimate (17) with
m2ν ∼ m2atm . Finally, from (20), (21) and (19) we obtain
L ∼ 1.5× 10−9 ×
(
M1
5× 1012 GeV
)3
. (22)
The asymmetry is generated mostly at late times just before
reheating, when the ratio of sterile neutrino (if stable) density to
entropy becomes maximum, see Eq. (12). The sterile neutrinos are
quite heavy so the lepton asymmetry is not washed out by inverse
decay processes, which are out of equilibrium. Likewise, another
important lepton violating process, scatterings ΦL ↔ Φ L¯ through
6 Eqs. (19) and (10) mean that sterile neutrino decays contribute not much to the
Universe reheating.
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8π v4
) are out-of-
equilibrium at the epoch of interest. Thus, lepton asymmetry (22)
transfers later on into baryon asymmetry by sphaleron processes
[14],
B  L/3∼ 0.5× 10−9.
Given the present baryon asymmetry of the Universe B,0 =
0.88 × 10−10 [3] and the estimates above, we conclude that
heavy seesaw sterile neutrinos of mass 1012–1013 GeV, produced
in scalaron decays, in R2-inﬂationary model can be responsible
for the baryon asymmetry of the Universe. Since the sterile neu-
trino are lighter than scalaron, the available room is not large, that
one could interpret as an order-of-magnitude prediction of the baryon
asymmetry, which is otherwise (and usually) appears as an acci-
dental number.
The estimates above are an order-of-magnitude only. In the
particular model under discussion with only two seesaw sterile
neutrinos one can relate all the Yukawa couplings to the mea-
sured active neutrino mass differences and mixing angles, so that
only few model parameters remain free. In this way one can reﬁne
our estimates. Likewise the numerical estimates may be changed
in models with a particular hierarchy of Yukawa couplings in the
neutrino sector.
Note in passing that second, heavier sterile neutrino N2 if not
too heavy can also contribute to lepton asymmetry generation, its
decay products do not equilibrate. There is also some contribution
from sterile neutrino decays at earlier times, when they are rela-
tivistic. The inverse processes are rare because the particle density
is small.
4. Discussion
To conclude, we have shown that in R2-inﬂation the scalaron
decay responsible for reheating can also take care of dark mat-
ter production and generation of the baryon asymmetry of the
Universe. The latter occurs through nonthermal leptogenesis by
introducing seesaw neutrinos. Thus, neutrino oscillations are also
explained in this model, which pretends to be phenomenologically
self-contained.
We end up with several comments. First, at relatively low
energy scale, the model we discussed can be further modiﬁed
in gravity sector (attempting to explain the late-time accelerated
expansion of the Universe, as e.g. in Refs. [15,16]) or in parti-
cle physics sector (say, by adding P Q -axion [17] to solve the
strong CP-problem). All these and similar modiﬁcations can be
safely adopted provided the early time cosmology remains in-
tact.
Second, we do not discuss here the gauge hierarchy problem
in particle physics. Certainly, R2-term does not contribute to this
problem: all couplings of scalaron to other particles are suppressed
by the Planck scale. With the absence of new scales in particle
physics, one cannot discard that still unknown complete quantum
theory at gravity scale (quantum gravity) is responsible for the
cancellation of dangerous quantum corrections (if any) to the Higgs
boson mass. In fact, a nontrivial space structure that shows up at
Planck scales could also invalidate the strong CP-problem (see e.g.
[18]). Thus, quantum gravity could solve all problems, indeed. Oth-
erwise, one can think about other solutions usually considered. In
particular, our logic can be adopted for supersymmetric extensions
of the SM and models with axion. In all these cases free fermion
again serves as dark matter candidate, though it is somewhat heav-
ier than in the case of SM because of larger number Ns of scalars
responsible for reheating and larger number of degrees of freedom
g∗ , see Eq. (15).Third comment, which is related to the second one. The heavy
sterile neutrinos (of mass MN ) we used contribute to gauge hierar-
chy problem making it worse as compared to the SM. Indeed, their
coupling to the SM Higgs boson gives rise to both divergent and
ﬁnite, of order MN , contributions to the Higgs boson mass. This
worsening can be avoided if sterile neutrinos coupled to the Higgs
boson have masses of order electroweak scale or smaller, as e.g. in
νMSM model [19]. Indeed, heavy sterile neutrinos can be replaced
by the light ones in R2-model we discuss. In that case, however,
sterile neutrinos, required for leptogenesis, should be produced not
by the scalaron decay (which, as we saw, requires large mass to be
eﬃcient enough), but via neutrino oscillations in the early Uni-
verse [20]. The R2-model with one heavy fermion (free in the
Jordan frame) and two light seesaw sterile neutrinos can be both
phenomenologically and theoretically self-contained upto the quan-
tum gravity effects. At the same time, this modiﬁcation has also
one more advantage as compared to what we discuss in the main
text: sterile neutrino sector here can be directly tested [21] in par-
ticle physics experiments.
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